Various causes can lead to methemoglobinemia, and it has the potential to be confused with other diseases. In vivo measurements of methemoglobin have significant applications in the clinics. We quantified the average and the distributed percentage of methemoglobin both in vitro and in vivo using photoacoustic microscopy (PAM). Based on the absorption spectra of methemoglobin, oxyhemoglobin, and deoxyhemoglobin, three wavelengths were chosen to differentiate methemoglobin from the others. We imaged the methemoglobin percentage in microtubes that mimicked blood vessels as a phantom experiment. The methemoglobin concentrations calculated from the photoacoustic signals were in accordance with the preset concentrations. We also demonstrated the ability of PAM to quantitatively image methemoglobin distribution in vivo in a mouse ear.
Introduction
Methemoglobin is a type of hemoglobin that contains oxidized iron atoms in the ferric state and is incapable of transporting oxygen to body tissues [1, 2] . Elevated methemoglobin levels in the blood stream cause tissue hypoxia and can lead to tachycardia, stupor, and impaired respiration. Even death may occur in humans when the methemoglobin level is over 70% [3] . Measuring the methemoglobin level, both the average concentration and spatial distribution, has extensive clinical applications.
The motivation of this work is to quantitatively image methemoglobin distribution in vivo with PAM. 3D photoacoustic microscopy (PAM) has demonstrated its potential in structural and functional imaging [4] [5] [6] [7] [8] [9] . We first showed that PAM was capable of detecting methemoglobin distributions in vessel-mimicking phantoms. Then, we imaged the methemoglobin distribution in a mouse ear in vivo during a period of induction and recovery of methemoglobin. We demonstrated for the first time that PAM can quantitatively image the spatial distribution of methemoglobin in vivo. 
Experimental system
An optical-resolution PAM (OR-PAM) system [10] [11] [12] was used to measure methemoglobin distribution, as shown in Fig. 1 . The light was produced by a tunable dye laser (CBR-D, Sirah GmbH) pumped by an Nd:YLF laser (INNOSAB, Edgewave GmbH) at a 1 kHz pulse rate. The laser beam was focused by a lens, filtered by a pinhole, reflected by a mirror, and then focused into the object to be imaged by an objective lens. An acoustic-optical beam combiner containing two prisms with a layer of silicone oil in between provided the acoustic optical coaxial alignment. Then a wideband ultrasonic transducer (V214-BC, Panametrics-NDT Inc.) placed confocally with the optical objective lens detected the acoustic signals. A depth-resolved one-dimensional (1D) photoacoustic A-line signal was obtained from each laser pulse. By raster scanning the object in two dimensions and performing maximum amplitude projections (MAP) of the A-line signals, a two-dimensional MAP PAM image of the sample was obtained.
Phantom experiment
Induction of methemoglobin formation was achieved by adding Sodium nitrite (237213-500G, Sigma-Aldrich) powder into the lysed bovine blood (905, Quad-Five) samples. To induce a level of 100% methemoglobin, 24.3 g sodium nitrite powder was added to 50 ml of bovine blood. Then blood samples with methemoglobin concentrations of 20%, 40%, 60%, and 80% were obtained by mixing 2 ml, 4 ml, 6 ml, and 8 ml of the 100% methemoglobin blood with 8 ml, 6 ml, 4 ml, and 2 ml of pure bovine blood, respectively. The mixtures were then separately injected into microtubes (60985-700, VWR) made of platinum-cured silicone, with 300-µm inner diameters and 600-µm outer diameters, to mimic blood with different methemoglobin concentrations in blood vessels.
Methemoglobin concentrations were measured by PAM in tissue-mimicking phantoms. Samples with different induced methemoglobin levels were prepared with the method described above. Five microtubes filled with bovine blood of average methemoglobin concentrations of 23%, 41%, 58%, 76%, and 89% were used. Wavelengths 610 nm, 620 nm, and 630 nm were selected for PAM imaging, with a scanning area of 4 mm by 2 mm. The normalized PAM images obtained at each wavelength are shown in Fig. 2(a) . We showed that the PAM results averaged within each tube agreed well with the preset concentrations, as shown in Fig. 2(b) . 
In vivo experiment
Injection of 60 μl well-mixed sodium nitrite solution (10 mg sodium nitrite/ 1 ml de-ionized water) through the jugular vein of a mouse induced methemoglobin formation. The volume and concentration were calculated based on the Kohn's Model [13] . The blood vessels of the mouse ear were then imaged by the PAM system at multiple selected optical wavelengths. The mouse ear was imaged by PAM consecutively for 90 minutes to include both the methemoglobin-induction activity and the recovery activity of the mouse's self-reductive systems. An area of 4 mm by 4 mm was first scanned with wavelength of 610 nm to show the blood vessels on the mouse's ear (Fig. 3(a) ), then a 1 mm by 0.5 mm area (the rectangular area in Fig. 3(a) ) was imaged at the three wavelengths once every 6 minutes to monitor the change in methemoglobin level during the 90 minutes. The change in methemoglobin concentration measured by PAM was in accordance with the prediction of the Kohn model (Fig. 3(b) ) [13] . 
Conclusions
To the best of our knowledge, this is the first study to use PAM to quantitatively image the methemoglobin in vivo. The methemoglobin concentration and distribution were imaged by PAM in tissue-mimicking phantoms at multiple wavelengths. We also measured the methemoglobin concentration change in vivo after induction of methemoglobinemia in a mouse. After intravenous injection of sodium nitrite solution, the methemoglobin level measured in the blood vessels of the mouse ear increased to ~18% and peaked around 24 minutes after injection. The methemoglobin concentration gradually decreased to the normal level by the end of the measurement. This trend of change accords with the prediction of the Kohn Model. Our study demonstrated PAM's ability to quantify methemoglobin levels in vivo. 
